Structure and magnetic properties of MnII[N(CN)2]2(pyrazine). An antiferromagnet with an interpenetrating 3-D network structure by Miller, Joel Steven & Manson, Jamie L.
Structure and magnetic properties of M nu[N(CN)2]2(pyrazine).
An antiferromagnet with an interpenetrating 3-D network structure
Jamie L. Manson," Christopher D. Incarvito,6 Arnold L. Rheingold* and Joel S. Miller*"
" D ep a rtm en t o f  C hem istry , U niversity  o f  Utah, 31 5  S. 1400  E. R M  D ock, S a lt L ake  C ity , 
U T 84112-0850 , U SA. E -m ail: jsm iller@ ch em istry .u tah .edu  





Received 6th October 1998, Accepted 7th October 1998
Mn[N(CN)2]2(pyz) (pyz = pyrazine) orders antiferro- 
magnetically at low temperature and possesses intra­
layer n-NCNCN and interlayer n-pyz ligands that 
form a pseudo-ReO, interpenetrating network struc­
ture.
The synthesis o f multidimensional network structures is at the 
forefront of modern research due to their ability to design as 
well as control a wide range of architectures.' Likewise, the 
study of molecule-based magnets due to their potential for 
exhibiting cooperative magnetic behavior is being widely 
investigated.2 Polydcntatc cyanocarbons have been utilized 
extensively to assemble transition metals into 1-, 2- and 3-D 
arrays.3 Tetracyanoethylene, TCNE, has been used to link 
Mn(porphyrin) into 1-D chains4 and when reacted with 
V(C6II6)2 yields a 3-D polymeric fcrrimagnct with a critical 
temperature far exceeding room temperature.5 Work has 
focused on diamagnetic [N(CN)2]_ due to its ability to bond to 
multiple transition metal sites.6 Tricoordinatc dicyanamidc 
forms rutilc-structurcd fcrromagncts with Co" and Ni" with 
Tc's ranging from 9 K (Co) to 21 K (Ni) while isostructural 
M n“ orders antifcrromagnctically below 16 K.7,8 In addition to 
M[N(CN)2]2 complexes, octahedral complexes of M[N(CN)2]2- 
L2 (L = Lewis base) stoichiomctry can be prepared. Owing to
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EtOI I results in the formation of small pale yellow crystals of 
[ ]
diffraction.{ The structure consists of infinite M NCNCNM - 
[ ]
pscudo-cubic frameworks, Fig. 1, similar to RcO,. Further­
more, owing to the combination of the large separation 
between Mn atoms and the small ligand sizes, large cavities arc 
formed which can accommodate a second interpenetrating 
lattice.
[ ]
ligands in the f/A-planc and two different pyrazine bridges along 
[ ]
terminal CN's. The M n" octahedron is tctragonally elongated
from Oh symmetry with Mn N distances ranging from 2.173(7) 
A (dicyanamidc N's) to 2.299(9) A (pyrazine N's) and average 
2.236 A while ris-N -M n-N ' bond angles range from 83.5(3) to 
92.3(6)°. The dicyanamidc ligand displays nearly ideal C2v 
symmetry with C=N bond distances averaging 1.145 A typical 
for this ligand.9 The C=N-M n bond angles deviate appreciably 
from linearity and range from 142.6(9) to 164.9(13)°. The 
internetwork M n ---M n  separations arc 7.351 (through the 
pyrazine bridge), 8.678, and 8.803 A, which exceed the shortest 
Mn ■ ■ ■ Mn internetwork separation of 6.282 A. For com- 
[ ]
[ ]
thc tetrahedral Zn" centers, the layers arc markedly buckled 
and pack in a staggered fashion.10 The pyrazine ligands reside 
in noncoplanar orientations with a dihedral angle of 43.1° 
relative to the “cube” faces. Thcrmogravimctric analysis reveals 
a sharp weight loss at *230 °C corresponding to the loss o f one 
pyrazine per formula unit (Calc. 30.0; obs. 29.9). To the best of 
our knowledge this is the only structurally characterized unsub- 
stitutcd pyrazine M n" complex.
Several 2-D materials such as Co(pyz)2(NCS)2 feature }x-pyz 
ligands that organize paramagnetic metal centers into square 
grids." Interestingly, the only example of a 3-D network solid
[ ][ ]
also possesses a RcO,-likc structure.12
The 2 to 300 K temperature dependence of the magnetic 
[ ]
the Curie Weiss expression, / x ( 7 ’ — 0 )~ \ with # = 2.01 and 
0 = — 3.6 K indicative of finite antifcrromagnctic coupling 
between the M n" metal sites, Fig. 2. At 300 K the effective 
moment is 5.90 /%, in excellent agreement with the expected 
value (5.92 /%) for isolated S  = 5/2 M n" ions and due to anti­
fcrromagnctic coupling decreases at lower temperature. A simi- 
[ ]
and weaker antifcrromagnctic coupling is observed (0 = — 1.8 
K) suggesting enhanced spin coupling via the pyrazine link­
ages.13 To elucidate the exchange coupling through the 
NCNCN and pyz linkages, /  was also fit to a 2-D ( /2D) anti- 
fcrromagnct model derived by Rushbrookc and W ood14" with
# = 2.01 and JlkB = —0.18(1) *K.146 To account for the residual 
3-D interactions an additional mcan-ficld correction ( /Mf ) i4i,‘? 
was included, cqn. (2), also with # = 2.01 and J '/k B = —0.21 (1) K.
Fig. 1 Stereoview of the crystal structure of Mnn[N(CN)2]2(pyz) illustrating the interpenetrating pseudo-ReOj frameworks.
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Fig. 2 Temperature dependence of and effective magnetic moment 
(pm) and the reciprocal molar magnetic susceptibility ix~l) for Mnn- 
[N(CN)2]2(pyz). The data was fit to the expression derived by Rush-
brooke and Wood 14“ for a 2-D antiferromagnet (----- ) with S -  5/2,
g -  2.01 and JlkB -  - 0.18 K. Interlayer exchange was determined to be 
J'/kB-  - 0.21 K. A low temperature comparison to the Curie-Weiss 
law (x) with g -  2.01 and 0 -  - 3.6 K is also shown (inset).
Fig. 3 Zero-field and field-cooled magnetization as a function of 
[ ]
magnetic field on warming. = 2.5 K as determined from the plot of 
dyT(T)/dT, inset.
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J  is assigned to coupling within the layers via the NCNCN 
bridges and / '  is assigned to coupling between the layers via the 
pyrazine bridges. The zero field splitting is typically negligible 
for high spin MnIIls and is ignored. Evidence of long-range 
antiferromagnetic ordering is demonstrated by a cusp in MU ) 
at 2.7 K, Fig. 3. The actual magnetic ordering temperature 
occurs just below the maximum and can be determined from a 
plot of dxT(T)/dT, Fig. 3 inset.16 Additionally, zero-field and 
field-cooled magnetization experiments carried out in small 
applied magnetic fields (H 50 G) fail to show bifurcation 
[ ]
urements performed at 2 K to 5 T demonstrate behavior typical 
of an ordered antiferromagnet. The magnetization rises nearly 
linearly to approximately 19 000 emu Oe m oF 1 (at 3 T) and 
then decreases reaching a final value of 26 600 emu Oe m oF 1 
(at 5 T). This value is only slightly less than the expected value 
of 27 925 emu Oe m oF 1 expected for S  = 5/2 Mn11.
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Notes and references
t  A 5 mL aqueous solution of MnCl2-4H20  (1.7 mmol, 0.3373 g) was 
mixed with a 1:1 H20 -E t0 H solvent mixture (10 mL) containing 
[ ]
affording immediate precipitation of a pale yellow powder (90%). Small 
crystals suitable for X-ray diffraction were grown from the filtrate solu­
tion upon standing at room temperature for 2 weeks. vCN (Nujol): 2170s, 
2180s, 2193s (sh), 2236m, 2248m, 231 lm, 2325m and 2357w cm-1. 
{Crystal data for C8H4MnNg: M -  267.13, monoclinic, P 2Jn , a -  
7.3514(11), b -  16.865(2), c = 8.8033(12) A, /?= 90.057(2)°, t/ = 
1091.4(3) A3, Z  = 4, Dc — 1.626 Mg n r 3, /<(Mo-Ka) = 1.199 cm-1, 
T -  198(2) °C. Of 4518 data (4 =s 20 =s 57°), 1556 were independent
[ ]
in two different cyano groups were positionally disordered 70:30 and 
60:40. CCDC reference number 186/1201. See http://www.rsc.org/ 
suppdata/dt/1998/3705/ for crystallographic files in .cif format.
1 T. Soma, H. Yuge and T. Iwamoto, Angew. Chem., Int. Ed. 
Engl., 1994, 33, 1665; L. Carlucci, G. Ciani, D. M. Proserpio and 
A. Sironi, Chem. Commun, 1996, 1393; T. Otieno, S. J. Rettig, R. C. 
Thompson and J. Trotter, Inorg. Chem., 1993, 32, 1607; K. A. 
Hirsch, D. Venkataraman, S. R. Wilson, J. S. Moore and S. Lee, 
J. Chem. Soc., Chem. Commun., 1995, 2199; B. F. Hoskins and 
R. Robson, J. Am. Chem. Soc. 1990, 112, 1546.
2 C. Mathoniere, C. J. Nuttall, S. G. Carling and P. Day, Inorg. Chem., 
1996, 35, 1201; S. Ferlay, T. Mallah, R. Ouahes, P. Veillet and 
M. Verdaguer, Nature (London), 1995, 378, 701; K. Inoue, 
T. Hayamizu, H. Iwamura, D. Hashizume and Y. Ohashi, J. Am. 
Chem. Soc, 1996, 118, 1803; H. Stumpf, L. Ouahab, Y. Pei, 
D. Grandjean and O. Kahn, Science, 1993, 261, 447; F. Lloret, 
M. Julve, R. Ruiz, Y. Journaux, K. Nakatani, O. Kahn and 
J. Sletten, Inorg. Chem., 1993, 32, 27.
3 J. L. Manson, C. Campana and J. S. Miller, J. Chem. Soc, Chem. 
Commun., 1998, 251; O. Ermer, Adv. Mater., 1991, 3, 608; 
X. Ouyang, C. Campana and K. R. Dunbar, Inorg. Chem., 1996, 35, 
7188.
4 A. Bohm, C. Vazquez, R. S. McLean, J. C. Calabrese, S. E. Kalm, 
J. L. Manson, A. J. Epstein and J. S. Miller, Inorg. Chem., 1996, 35, 
3083.
5 J. M. Manriquez, G. T. Yee, R. S. McLean, A. J. Epstein and 
J. S. Miller, Science, 1991, 252, 1415.
6 H. Kohler, A. Kolbe and G. Lux, Z. Anorg. Allg, Chem., 1977, 428, 
103; J. Mrozinski, M. Hvastijova and J. Kohout, Polyhedron, 1992,
11, 2867.
7 J. L. Manson, C. Kmety, Q. Huang, J. Lynn, G. Bendele, S. Pagola, 
P. W. Stephens, A. J. Epstein and J. S. Miller, Chem. Mater., 1998, 
10, 2552.
8 J. L. Manson, C. Kmety, Q. Huang, J. Lynn, A. J. Epstein and 
J. S. Miller, unpublished work.
9 Y. M. Chow, Inorg. Chem., 1971, 10, 1938; D. Britton and Y. M. 
Chow, Acta Crystallogr., Sect. B, 1977, 33, 607; D. Britton, Acta 
Crystallogr., Sect. B, 1990, 46, 2297; Y. M. Chow and D. Britton, 
Acta Crystallogr., Sect. B, 1975, 31, 1934; I. Potocnak, M. Dunaj- 
Jurco, D. Miklos and J. Jager, Acta Crystallogr., Sect. C, 1996, 52, 
1653; I. Potocnak, M. Dunaj-Jurco, D. Miklos, M. Kabesova and 
J. Jager, Acta Crystallogr., Sect. C, 1995, 51, 600.
10 J. L. Manson, D. W. Lee, A. L. Rheingold and J. S. Miller, 
submitted.
11 F. Lloret, G. De Munno, M. Julve, J. Cano, R. Ruiz and A. Cane- 
schi, Angew. Chem., Int. Ed. Engl, 1998, 37, 135.
12 L. Carlucci, G. Ciani, D. M. Proserpio and A. Sironi, Angew. Chem., 
Int. Ed. Engl, 1995, 34, 1895.
13 J. L. Manson, A. M. Arif, L. Liable-Sands, C. D. Incarvito, A. L. 
Rheingold and J. S. Miller, unpublished work.
14 (a) G. S. Rushbrooke and P. J. Wood, J. Mot. Phys., 1963, 6, 409; 
(b) x - J l ( k BT), N -  Avogadro’s number, /<B = Bohr Magneton, 
g = Lande g value, C, = 23.33, C2 = 147.78, C3 = 405.45, C4 = 8171.3, 
C5 -  64968 and C6-  15811; (c) B. E. Myers, L. Berger and S. A. 
Friedberg, J. Appl. Phys, 1968, 40, 1149; (d) z -  number of nearest 
neighbors.
15 R. L. Carlin, Magnetochemistry, Springer-Verlag, New York, 1986, 
p. 64.
16 M. E. Fisher, Am. J. Phys, 1964, 32, 343.
Acknowledgements
The authors gratefully acknowledge the ACS-PRF (Grant 
3706 J. Chem. Soc., Dalton Trans., 1998, 3705-3706
Communication 8I07788F
